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ABSTRACT
Supermassive black holes are commonly found in the center of galaxies and evolve with their hosts.
The supermassive binary black holes (SMBBH) are thus expected to exist in close galaxy pairs, however,
none has been unequivocally detected. The square kilometre array (SKA) is a multi-purpose radio
telescope with a collecting area approaching 1 million square metres, with great potential for detecting
nanohertz gravitational waves (GWs). In this paper, we quantify the GW detectability by SKA for
a realistic SMBBH population using pulsar timing array (PTA) technique and quantify its impact on
revealing SMBBH evolution with redshift for the first time. With only ∼ 20 pulsars, much smaller
a requirement than in previous work, the SKA PTA is expected to obtain detection within about 5
years of operation and to achieve a detection rate of more than 100 SMBBHs/yr after about 10 years.
Although beyond the scope of this paper, we must acknowledge that the presence of persistent red
noise will reduce the number of expected detections here. It is thus imperative to understand and
mitigate red noise in the PTA data. The GW signatures from a few well-known SMBBH candidates,
such as OJ 287, 3C 66B, NGC 5548 and Ark 120, will be detected given the currently best-known
parameters of each system. Within 30 years of operation, about 60 individual SMBBHs detection with
z < 0.05 and more than 104 with z < 1 are expected. The detection rate drops precipitately beyond
z = 1 and completely cuts off at z > 2, primarily due to their expected long orbital periods. The
substantial number of expected detections and their discernible evolution with redshift by SKA PTA
will make SKA a significant tool for studying SMBBHs.
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1. INTRODUCTION
GW observatories such as advanced LIGO (aLIGO)
(LIGO Scientific Collaboration et al. 2015) and Virgo
(Acernese et al. 2015) have reached remarkable sensitiv-
ities in the high frequency band (∼ 10− 1000 Hz). The
detection of GWs from compact binary mergers has be-
come a regular occurrence. In the nanohertz frequency
band, pulsar timing arrays (PTAs), in which a collection
of millisecond pulsars is monitored, can be used to de-
tect and study GWs Detweiler (1979); Foster & Backer
(1990). The primary single source of GWs in nanohertz
Corresponding author: Yi Feng
yifeng@nao.cas.cn
band are believed to be inspiralling SMBBHs, formed in
the aftermath of galaxy mergers (Begelman et al. 1980).
The detection of SMBBH systems can yield direct in-
formation about the masses and spins of the black holes
(Mingarelli et al. 2012). These single GW sources can
also be studied by coordinated electromagnetic observa-
tions, thus enabling a multi-messenger view of the black
hole systems Burke-Spolaor (2013); Kelley et al. (2019).
PTA based GW astronomy is expected to progress
significantly with the new and high sensitivity radio
telescopes such as FAST (Nan et al. 2011) and SKA
(Smits et al. 2009). The pulsar timing effort by SKA
will significantly enhance the sensitivity of the current
PTA networks by providing a larger number of newly
discovered millisecond pulsars (MSPs), and better tim-
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2ing precision on the existing and new MSPs. Upon its
completion, SKA will be the most sensitive telescope
for detecting nanohertz GWs in the next generation.
Thus, it is important to estimate the GW detection
abilities of SKA. Wang & Mohanty (Wang & Mohanty
2017) carried out a pioneering quantitative assessment
of the GW detectability for individual SMBBH searches
with a simulated SKAPTA containing 103 pulsars and
found the SKAPTA to significantly increase the maxi-
mum distance of detectable GWs emitted by SMBBHs.
They also considered two realistic candidates, namely,
PG 1302-102 and PSO J334+01. However, no previous
work has provide actual predictions of the number of
SMBBHs to be detected by SKAPTA and their evolu-
tion through redshifts.
Here we provide one of the first quantitative esti-
mates on the GW detectability for a realistic individual
SMBBH population. We tackle the problem in three
steps. First, a SKAPTA detection curve, namely the
minimum detectable GW strain amplitude as a function
of GW frequency, is calculated. A SKAPTA contain-
ing 20 randomly placed pulsars with timing root mean
square (RMS) of 20 ns is used to compute the detection
curves, using the Fe statistic, the logarithm of the like-
lihood ratio maximized over the signal parameters de-
veloped by Jaranowski et al. (1998); Ellis et al. (2012).
Here we assume circular binary orbits for the SMBBHs.
Second, an expected SMBBH population in the PTA
frequency band is constructed based on the probability
of a galaxy hosting a SMBBH in the PTA band and the
population of host galaxies. The SMBBH population is
estimated following the descriptions of Mingarelli et al.
(2017); Mingarelli (2017) (hereafter M17). M17 used
data from local galaxies in the 2 Micron All Sky Survey
(2MASS) (Skrutskie et al. 2006) Extended Source Cat-
alog (Jarrett et al. 2000) and galaxy merger rates from
Illustris Rodriguez-Gomez et al. (2015); Genel et al.
(2014). Due to the expected great improvement brought
about by SKAPTA, we much extend the redshift range
in M17 using galaxy stellar mass function from Bell et al.
(2003); Muzzin et al. (2013) (GSMF). Third, we extract
detectable GW sources within each redshift bin accord-
ing to the SKAPTA detection curve calculated above
and the expected SMBBH population estimated in step
two. Our recipe allows for a quantitative prediction of
the properties of the SMBBH population to be detected
by SKAPTA, such as the number of detections per red-
shift bin and detection rates per year, for the first time.
2. SIMULATED SKAPTA
With broad frequency bands and massive collecting
areas, the radiometer noise for some of the brightest
pulsars can be reduced from current 100 ns level down
to below 10 ns by the large radio telescopes like FAST
and SKA. Jitter noise, which is assumed to be caused
by the fluctuation in the shape and arrival time of indi-
vidual pulses, will limit the timing precision achievable
over data spans of a few years for these large facilities
(Hobbs et al. 2019). To estimate the timing RMS, we
assume that the timing RMS is white and consists solely
of radiometer noise and jitter noise. We defer the influ-
ence of red noise (e.g. GWB, dispersion measure varia-
tion noise, intrinsic timing noise (Hobbs et al. 2019)) to
later discussions. Table 4 in (Porayko et al. 2018) listed
white noise for 10 Parkes Pulsar Timing Array (PPTA)
(Manchester et al. 2013) pulsars with a harmonic mean
of 20 ns for integration time of 30 minutes with the
SKA Phase 1(Janssen et al. 2015). Within the SKA
sky, International Pulsar Timing Array(Manchester &
IPTA 2013) source list contains more millisecond pulsars
than PPTA does. For example, IPTA PSR J0023+0923,
PSR J0030+0451, PSR J0931−1902 are not in the
PPTA line-up. Considering the better sensitivity of the
full SKA than that of SKA Phase 1, which will fur-
ther improve timing RMS, we assume a conservative 20
pulsars with a harmonic mean of 20 ns. We thus con-
struct a mock SKAPTA data set containing 20 millisec-
ond pulsars randomly distributed in the sky. Noise real-
izations are drawn from an independent and identically
distributed (i.i.d.) N (0, σ2) (zero mean white Gaussian
noise) process, with σ = 20 ns for all pulsars. We choose
the cadence to be 20 yr−1 in order to match the typical
cadence used in current PTAs.
3. SMBBH POPULATION IN THE PTA BAND
The SMBBH population emitting in the PTA fre-
quency band depends on two quantities:
1. The probability of a galaxy hosting a SMBBH in
the PTA band. We exploit the approach put for-
ward by M17 (See M17 for details of the ap-
proach). The probability is the multiplication
of the probability that a SMBBH is in the PTA
band and the probability that a galaxy hosts
a SMBBH. The probability that a SMBBH is
in the PTA band is tobs/Tlife, where tobs =
5/256c5(pif)−8/3[GMc(1 + z)]
−5/3
is the time to
coalescence of the binary in the observed frame
(Peters 1964). Here f = 1 nHz, chirp mass
Mc =
[
q/(1 + q)2
]3/5
M• with black hole mass
ratio q drawn from a log-uniform distribution in
[0.25, 1]. The SMBBH total mass M• is estimated
using the M• −Mbulge empirical scaling relation
from (McConnell & Ma 2013). As discussed in
M17, only massive early-type galaxies are con-
3sidered in this simulation, therefore we take the
galaxy stellar mass M∗ as Mbulge for M• esti-
mates. Tlife is the effective lifetime of the bi-
nary, which is the sum of the dynamical friction
(tdf) (Binney & Tremaine 2008) and stellar hard-
ening (tsh) (Sesana & Khan 2015) timescales. The
probability that a galaxy hosts SMBBH is com-
puted using the Illustris Rodriguez-Gomez et al.
(2015); Genel et al. (2014) cumulative galaxy-
galaxy merger rate, dN/dt(M∗, z′, µ∗) where µ∗
is the stellar mass ratio of the galaxies, taken
at the beginning of the binary evolution at red-
shift z′, which is calculated at lookback time
of Tlife + Tlookback with Planck cosmological pa-
rameters (Planck Collaboration et al. 2016), here
Tlookback is the lookback time at z. To summarize,
probability of a galaxy hosting a SMBBH in the
PTA band is:
p =
tobs
Tlife
∫ 1
0.25
dµ∗
dN
dt
(M∗, z′, µ∗)Tlife , (1)
2. The population of host galaxies. As discussed in
M17, we only consider massive early-type galaxies
with galaxy stellar mass greater than 1011 M. In
addition, we impose a cut on the galaxy popula-
tion at galaxy stellar mass M∗ < 1012 M because
such massive galaxies are rare. For a population
of galaxy with known redshift z and M∗, we can
calculate the probability of a selected galaxy host-
ing a SMBBH in the PTA band using Eq. 1, and
thus determining the population of SMBBH emit-
ting in the PTA frequency band. For galaxies at
z < 0.05, we use the galaxy catalog in M17, which
selected galaxies at z < 0.05 from the 2 Micron
All Sky Survey (2MASS) (Skrutskie et al. 2006)
Extended Source Catalog (Jarrett et al. 2000).
To approximate a mass selection for more distant
galaxies, we use GSMF given in Table 4 of (Bell
et al. 2003) and Table 1 of (Muzzin et al. 2013)
for redshift interval between z = 0.05, 0.2, 0.5,
1.0, 1.5, 2.0, 2.5, 3.0, and 4.0. For each z interval
at z > 0.05, we randomly choose 106 host galax-
ies with z drawn from a uniform distribution and
stellar mass drawn from the corresponding GSMF.
The number of 106 galaxies is used to ensure stable
simulation results in the Monte Carlo process. The
estimated numbers of galaxies in each redshift bin
is then scaled to the expected galaxy population
from the sample of 106 galaxies in the simulation.
Using Eq. 1, we calculate the probability of a se-
lected galaxy hosting a SMBBH in the PTA band.
We then generate a random number from U [0, 1],
Figure 1. Detection curves for PPTA DR1 (blue line),
SKA 5yr (orange line), SKA 10yr (green line), SKA 30yr
(red line) respectively. The seven black dots represent the
SMBBH candidates discussed in (Feng et al. 2019). The yel-
low (best case) and red (pessimistic case) dots (’+’ for z < 2
samples and diamond symbol for z > 2) represent CRTS
samples. The diamond symbols in the black box represent
4 unreliable candidates (two overlapped, see the text for de-
tails). The blue dots represent 87 single GW sources (one
realization of sky) from M17.
if the random number is smaller than the proba-
bility, then the galaxy is considered to host a true
SMBBH. Finally, the inclination and polarization-
averaged strain and GW frequency of the SMBBH
are calculated as described in M17 using
h =
√
32
5
M
5/3
c
Dc
[pif(1 + z)]
2/3
, (2)
f = pi−1
[
GMc(1 + z)
c3
]−5/8 [
256
5
(tobs − t)
]−3/8
,
(3)
where Dc is the comoving distance of the binary,
(tobs − t) is drawn from a uniform distribution in
[26 Myr, 100 yr].
4. RESULTS
We use the Fe statistic with False Alarm Probabil-
ity of 10−3 to calculate detection curves for SKAPTA
with total time span of 5, 10, 30 yrs respectively. The
results are shown in Figure 1. The SMBBH candidates
such as 3C 66B (Iguchi et al. 2010), OJ 287 (Valtonen
et al. 2016), NGC 5548 (Li et al. 2016) and Ark 120 (Li
4et al. 2019) (black dots in Figure 1) discussed in (Feng
et al. 2019) can be detected if they are true SMBBHs.
For the other SMBBH candidates Mrk 231 (Yan et al.
2015), PG 1302-102 (Graham et al. 2015a), NGC 4151
(Bon et al. 2012), they are hard to detect even in SKA
era for their weaker estimated GW signature caused by
their small chirp masses. (Graham et al. 2015b) pro-
posed 111 SMBBH candidates by inspecting the light
curves of ∼250 k quasars identified in the Catalina Real-
time Transient Survey (CRTS, Drake et al. (2009)). We
plot the 98 candidates (hereafter CRTS samples) with
reported black hole mass estimates for optimistic case
assuming mass ratio q = 1 (yellow dots in Figure 1)
and pessimistic case assuming q = 0.1 (red dots in Fig-
ure 1). At least 10 single sources in CRTS samples can
be detected, assuming these are all true sources, even
for the pessimistic case. Unfortunately, CRTS samples
are likely contaminated by several false positives Sesana
et al. (2018) and we will discuss this later. The blue dots
represent 87 single GW sources (one realization of sky)
from M17. 0, 2, 12, 64 sources of M17 can be detected
for PPTA DR1, SKA 5yr, SKA 10yr, SKA 30yr.
Figure 2 shows the SMBBH population in the PTA
band. In Figure 2, we also plot the 5, 10, 20, 30 yr
detection curves to show the potential detectability of
these single GW sources. The strain of the population
shifts to a low value at z . 0.5 for higher redshift due
to their further in distant. The frequency of the popu-
lation shifts to lower frequency at z & 0.5 because these
SMBBHs do not have enough time to evolve to be closer,
with higher redshift SMBBHs have less time to evolve.
Moreover, SMBBH population at z > 2.0 shifts out of
PTA frequency band and are hard to detect. Given the
detection curves and SMBBH population in the PTA
band, we determine the detection number of single GW
sources as a function of SKAPTA time span. The source
is considered detected if it lies above the detection curve.
The total number of host galaxies is the multiplication
of comoving volume and integral of the corresponding
GSMF from 1011 M to 1012 M, and is listed in the
last row of Table 1. The number of SMBBHs in the
PTA band is listed in the second last row.
Figure 3 shows detection number for different redshift
ranges as a function of SKAPTA time span. We list
the detection number for different redshift ranges of 5,
10, 15, 20, 30 time span SKAPTA in Table 1. More
than 104 sources can be detected by SKAPTA after
30 years of operation. The primary detectable sources
come from galaxies at z < 1. Sources at z > 1.5 are
rare because these SMBBHs do not have enough time to
evolve to be close enough, thus have a longer observed
orbital period and do not lie in the PTA frequency
Figure 2. Detection curves for SKA 5yr (magenta line),
SKA 10yr (brown line), SKA 20yr (cyan line), SKA 30yr
(purple line) respectively. Black, orange, gray, blue, red
dots represent SMBBH population hosted by 106 galaxies
from 0.0 < z < 0.2, 0.2 < z < 0.5, 0.5 < z < 1.0,
1.0 < z < 1.5, 1.5 < z < 2.0 respectively (for 0.0 < z < 0.2,
it is 87 SMBBHs from M17 combined with SMBBH popu-
lation hosted by 106 galaxies from 0.05 < z < 0.2). Dash-
dot, dotted, solid, dashed number density contours represent
50% of the peak value for 0.0 < z < 0.2, 0.2 < z < 0.5,
0.5 < z < 1.0, 1.0 < z < 1.5 respectively. For z > 2.0, there
are no SMBBHs in the PTA band, so SMBBH population
at z > 2.0 is not shown in the figure. The red curve cross
the contour centers shows the evolution trend of SMBBH
population from low redshift to high redshift.
band for GW detection. Additionally, the number of
hosts becomes smaller and the observed time to coales-
cence tobs is shorter for SMBBHs at higher redshift, and
sources at z > 1.5 are even less as the consequence. The
dramatic drops of GW detection at z > 1.5 is consis-
tent with Sesana (2013); Ravi et al. (2015). Moreover,
no hosts at z > 2.0 are expected to have detectable
SMBBHs in our simulation. If this result is true, it
implies that CRTS samples at z > 2.0 may not be real
SMBBHs. For example, Table 1 in Sesana et al. (2018)
listed top 10 candidates in CRTS samples providing
the largest contribution to the expected GWB, which
are likely to be false positives. In this sample, four of
them (i.e., HS 0926+3608, SDSS J140704.43+273556.6,
SDSS J131706.19+271416.7, SDSS J134855.27-
032141.4) have redshifts z > 2.0 and are shown us-
ing diamond symbols inside the black box in Figure 1.
Combining our results and Sesana et al. (2018), these 4
candidates can be unreliable.
We calculate the detection rate as a function of
5Table 1. detection number
time(yr)
redshift
0.0 < z < 0.05 0.05 < z < 0.2 0.2 < z < 0.5 0.5 < z < 1.0 1.0 < z < 1.5 1.5 < z < 2.0
5 2 0 0 0 0 0
10 12 81 26 0 0 0
15 35 593 221 102 25 13
20 57 3017 2067 884 250 13
30 64 6726 17329 11356 3925 39
total SMBBHs 87 1.0× 105 1.0× 106 3.4× 106 8.4× 105 2.6× 102
total hosts 5119 1.6× 106 1.3× 107 3.4× 107 2.5× 107 1.3× 107
Figure 3. Detection number of single GW sources versus
time span of SKAPTA. The red, blue, orange, magenta,
yellow, green, black colors represent number of sources at
0.0 < z < 0.05, 0.05 < z < 0.2, 0.2 < z < 0.5, 0.5 < z < 1.0,
1.0 < z < 1.5, 1.5 < z < 2.0 and total number respectively.
SKAPTA time span by comparing the detection num-
ber of two consecutive years. The results are shown in
Figure 4. Unlike GW sources in LIGO frequency band,
the detection rate of single GW sources of SKAPTA is
not uniform in time. The detectability increases slowly
in the early times, but increases faster to be more than
100 detections/yr after about 10 yrs. This is a stipend
from the unique PTA based search, which accumulates
SNR with time, highlighting the importance of long
time span of a PTA campaign.
5. DISCUSSION
Red noise was ignored under the assumption that it
can be mitigated to a low noise level or it does not in-
fluence single GW detection using special techniques.
If the timing residuals have a strong red noise compo-
Figure 4. Detection rate of single GW sources versus time
span of SKAPTA. The red, blue, orange, magenta, yellow,
green, black colors represent number of sources at 0.0 < z <
0.05, 0.05 < z < 0.2, 0.2 < z < 0.5, 0.5 < z < 1.0, 1.0 < z <
1.5, 1.5 < z < 2.0 and total rate respectively.
nent emulating an unresolved GWB with amplitude of
4×10−16, the detection number decreases drastically as
shown in Figure 5. This is because PTA is less sensitive
to high frequency (> 1 yr−1) SMBBHs, and strong red
noise in timing residuals greatly diminishes the chance of
detecting lower frequency SMBBHs. The SKAPTA GW
detections depend on how well the GWB can be sub-
tracted, which should be further studied. The method-
ology of GWB subtraction is also important to mitigate
other various types of red noises which could limit the
detectability of SMBBHs with SKAPTA.
6. CONCLUSION
The unprecedented sensitivity of SKA facilitates re-
alization of a significant PTA with a small number of
pulsars. The SKAPTA in this work consists of only 20
6Figure 5. Same as Fig. 2, but timing residuals have a strong
red noise component of 4 × 10−16, emulating the amplitude
of an unresolved GWB.
pulsars versus ∼ 1000 in previous works. Such a simple
SKAPTA can still detect a large number of SMBBHs
and enable studies of their evolution through redshift
up to z = 1− 2 assuming red noise in the PTA data can
be mitigated. The presence of red noise will reduce the
number of detectable individual sources. Nevertheless,
SKAPTA will be a revolutionary instrument for study-
ing SMBBH evolution.
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